Abstract-The distribution of positive and negative photospheric fields is considered based on the synoptic maps of the photospheric magnetic field from the National Solar Observatory/Kitt Peak (NSO Kitt Peak) for 1976-2016. The analysis took into account only the sign of the field regardless of its strength, which underlined the role of the fields with medium and weak magnitudes. We considered the time variations in positive and negative magnetic fields, as well as their imbalances, for two hemispheres, for high latitudes, and for the sunspot zone. The distributions of the fields of different polarity are mainly conditioned by the high-latitude fields and vary with a 22-year cycle. The imbalance of polarities within a separate hemisphere is closely associated with the variations in the dipole moment g 10 . The high-latitude imbalance for two hemispheres varies with a 22-year period; its sign coincides with the polar field in the southern hemisphere and with the quadrupole moment g 20 . For the fields in the sunspot zone, the relation of the magnetic field imbalance to the quadrupole moment (-g 20 ) and to the sign of the polar field in the northern hemisphere is observed ~75% of the time. The results show the evidence for cyclic variations in the imbalance of polarities.
INTRODUCTION
The whole variety of the manifestation of solar activity (SA) is associated with magnetic fields of various strengths and their location on the surface of the Sun. The distribution of the magnetic fields over the solar surface and its variation over the period of the solar cycle is one of the key elements in creating the solar dynamo models (see, e.g., (Charbonneau, 2010) ). The evolution of the zonal distribution of the solar magnetic field was considered in (Hoeksema, 1991) based on the WSO magnetograms. In that study, the total magnetic flux was shown to be closely related to the level of activity and similar to Maunder's butterfly diagram, which reflects the sunspot distribution. The time and latitude variations in the magnetic fields were considered in (Akhtemov et al., 2015) , where a strong difference between the variations in the total magnetic flux at low and high latitudes was discovered.
Unlike the 11-year solar cycle, which reveals itself as a periodic change in the magnitude of various SA manifestations, the 22-year cyclicity of the magnetic field is observed in the variations in the polarity of the solar magnetic fields: a change in the signs of the leading and trailing sunspots during the solar cycle minimum (Hale's law) and a change in the sign of the polar field close to the SA maximum. Thus, the polarity of solar magnetic fields is an important characteristic of many processes associated with the SA's cyclicity.
The force lines of the magnetic field are closed; as a consequence, the solar fluxes of positive and negative polarity should be equal. However, when individual SA manifestations are considered, the balance of polarities is often disrupted. For example, there is a known imbalance between the magnetic fields of leading and trailing sunspots. In cycle 21, the positive/negative fields around the northern/southern active regions were, on average, stronger than the negative/positive fields (Petrie, 2012) . In cycle 22, the situation was reversed but changed back to the previous state once cycle 23 had started. These relations reflect the well-known fact that the magnetic fields of bipolar sunspot groups are characterized by an asymmetry where the leading polarity is stronger.
The imbalance is also observed in the polar fields which are antisymmetric with the exception of some anomalous periods. For example, during the inversion of the polar field, the two hemispheres evolve relatively independently; as a result, the polar fields complete the inversion nonsynchronously (Svalgaard and Kamide, 2012) . At some intervals of time, the global solar field loses its dipole character and looks like a monopole (Wilcox, 1972; Kotov, 2009 ).
The dipole character of the global field is manifested in the fact that the dipole moment plays the defining role among the coefficients of multipole expansion of the solar magnetic field in the Potential Field Source Surface (PFSS) model (Hoeksema and Scherrer, 1986) . The dominant terms of the expansion are the dipole, hexapole, and quadrupole; during the SA minimum, the axial components become the main components of the field (Bravo and González-Esparza, 2000) . While the dipole and hexapole have different polarities at the solar poles, the quadrupole's sign at both poles is the same. In each SA minimum, the polarity of the quadrupole in the north is opposite to the polarities of the dipole and hexapole in the south. Due to this property, the quadrupole moment intensifies the magnetic field of the southern hemisphere, simultaneously weakening the field of the northern hemisphere at the respective poles, which leads to the asymmetry of the solar magnetic field.
Weak magnetic fields occupy most of the solar surface. In (Ioshpa et al., 2009) it is shown that relatively weak small-scale background magnetic fields form a specific population which follows its own laws of cyclic variation.
The present study took into account only the sign of the magnetic field regardless of its magnitude; due to this, the role of weak and medium fields was revealed more distinctly. Thus, the area of the surface occupied with the fields of one or another polarity was considered. The aim of the study is to investigate the distribution of the photospheric fields of different polarities across the solar surface and variations in their distribution over the course of the 22-year magnetic cycle.
DATA AND METHOD
The initial data consisted of the synoptic maps of the photospheric magnetic field from the National Solar Observatory/Kitt Peak (NSO Kitt Peak). The combined data obtained with two instruments of the Kitt Peak Observatory-Kitt Peak Vacuum Telescope (KPVT) for 1976-2003 (ftp://nispdata.nso.edu/kpvt/ synoptic/mag/) and Synoptic Optical Long-term Investigations of the Sun (SOLIS) for [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] (https://magmap.nso.edu/solis/archive.html)-allowed us to study the variations in the positive and negative magnetic fields over four solar cycles. The synoptic maps of the photospheric magnetic field were obtained with a resolution of 1° in longitude (360 steps) and 180 equal steps in the sine of the latitude. Thus, each map contained 360 × 180 pixels of the magnetic field measured in gausses. Due to the large gaps in the data, the initial period of operation of the KPVT instrument from 1976 to 1977 was not taken into account.
The construction of latitude-time diagrams based on synoptic maps often involves using the colored scale that denotes the value of the magnetic field strength from the weakest fields to the strong fields of the sunspot formation zone. The strong fields are revealed most distinctly and match the sunspot distribution (Maunder's butterflies). We have set a different goal, which is primarily to consider the distribution of the fields of medium and small magnitudes.
Replacing the value of the magnetic field strength in the pixel (B) with +1 at B > 0 and -1 at B < 0, we take into account only the sign of the field regardless of its strength. Thus, we consider the area occupied with one or another polarity. For this reason, the sunspots that occupy an insignificant fraction of the solar surface provide an insignificant contribution. The fields with B > 100 G amount to approximately 1% of the pixels, while the fields with 100 > B > 5 G occupy 34% of the solar surface and the fields with B < 5 G occupy 65%.
We considered the distribution of the fields with В > 0 and В < 0, excluding the pixels with В = 0. Figure 1 shows the number of pixels with the nonzero strength of the field (|B| > 0) and the number of pixels with B = 0. As can be seen in Fig. 1 , the zero values occur not as much as a result of measurements but rather as a result of the gaps in the data. A sudden surge in the number of zeros is seen in 1997, which is possibly associated with the change in the sensitivity of the instrument. In the SOLIS data, starting from the second half of 2003, some of the pixel rows near the poles are not filled by the extrapolation, which results in the occurrence of a "comb" of some sort.
On the whole, the pixels with В = 0 comprise a small fraction (not more than ~3.5%) of the total number of pixels in the synoptic map and can be neglected. The rotations with significant gaps in the data (the number of zeros above 3.5%) were not included in the analysis. Four rotations were excluded from the data of 1978 to 2003, and 15 rotations were excluded from the SOLIS data of 2003 to 2016.
RESULTS AND DISCUSSION
Replacing the values of the magnetic field strength with +1 or -1 depending on the sign of the field in the pixel and performing the averaging by longitude, we obtained a latitude-time diagram for 1978-2016 (Carrington rotations from 1670 to 2190), in which the gray scale from black (-1) to white (+1) shows the relative content of positive and negative pixels at a given latitude in each rotation (Fig. 2) . In Fig. 2 the change of the sunspot number is also shown. The distribution of the magnetic fields' polarity clearly demonstrates a 22-year periodicity, which is manifested in the alternation of black and white zones close to the poles. The middle parts of these zones match the SA minimum. However, the 11-year SA cycle is nearly absent due to the contribution of strong fields being suppressed.
In Fig. 2 the regions of sunspot formation are almost undistinguished. As a result, the alternating black and white tilted bands from the equator to the poles become clearly seen. Apparently, these bands correspond to the magnetic field fluxes of different polarities which are transferred to the poles by the meridional circulation. The tilt of these bands (degrees per rotation) allows the rate of the field transfer to be estimated. The following estimates were obtained: V = 13.1 ± 0.8 m/s for the northern hemisphere and V = 12.9 ± 0.6 m/s for the southern hemisphere (where individual fluxes are more distinct). These estimates are slightly lower than the estimates of the meridional circulation velocity (20 m/s) obtained by measuring the Doppler shift (see (Petrie, 2012) and references there); however, they fit within the range of 10 to 20 m/s obtained in (Roudier et al., 2018) . The most distinct features in Fig. 2 are the nearpolar regions, where one of the two polarities alternately dominates the other, thus determining the total dominant polarity of the hemisphere. Figure 3a illustrates the time variation in the percentage of pixels of Latitude, deg Sunspot number Carrington rotation positive polarity N plus for the whole northern hemisphere. It can be seen that the fraction of positive fields in the northern hemisphere is closely related to the sign of the polar field in this hemisphere and changes with a 22-year period. During the periods of time when the sign of the northern hemisphere was positive, the area occupied with positive polarity in the SA minimum took up to 60% of the surface of the hemisphere (Fig. 3a) . Similar conclusions can be drawn regarding the time variations in the fraction of the negative fields: the negative fields in the northern hemisphere develop in antiphase to the positive fields, and their area reaches its maximum when the sign of the northern polar field is negative. Figure 3b shows the time variation in the percentage of pixels of positive polarity for the whole southern hemisphere S plus . The same conclusions can be drawn as for the northern hemisphere: the positive polarity of the southern hemisphere is closely related to the sign of the polar field in this hemisphere and reaches the maximum values (~60%) in the years close to the SA minimum.
The fields that dominate each hemisphere over the course of 11 years are the ones whose sign matches the sign of the polar field in this hemisphere. Thus, the imbalance of positive and negative fields in a separate hemisphere changes with a 22-year period. Figure 4a illustrates the magnetic field imbalances for the northern hemisphere, N plus -N minus (bold line), and southern hemisphere, S plus -S minus (thin line). Although in this case we consider all latitudes and do not take into account the magnitude of the magnetic field, the results are close to those that were obtained in (Vernova et al., 2018) , where only high latitudes (between 40° and 90°) for the fields with B < 50 G were considered. Thus, the main role in each hemisphere is played by the dipole magnetic field. This is confirmed by Fig. 4b , which shows the axial dipole moment g 10 (the data from the J. Wilcox Observatory, Stanford, WSO, http://wso.stanford.edu/) obtained through the expansion of the photospheric magnetic field into multipoles according to the PFSS model (Hoeksema and Scherrer, 1986) . It can be seen that the area occupied with the polarity of one or another sign in the The connection of the magnetic field sign with the polar field in each hemisphere is seen even more clearly when high latitudes from 40° to 90° are considered. We compared the variations in the positive fields of the northern hemisphere (Fig. 5a ) and negative fields of the southern hemisphere (Fig. 5b) . These fields evolve in-phase with each other with the correlation coefficient R = 0.94. During the periods when the northern polar field sign was positive, the area occupied with the positive polarity (Fig. 5a ) in the SA minimum reached up to 80% of the hemisphere's surface (instead of 60%, as it was for the whole hemisphere, see Fig. 3 ). Two characteristic groups of largescale magnetic fields were distinguished in (Andryeyeva and Stepanian, 2008) : the first group represented weak background fields of 3-10 G; the second group represented stronger fields of 75-100 G. It was shown that the weak N-polarity fields in the northern hemisphere were correlated with S-fields in the southern hemisphere. These results are in close agreement with Fig. 5 .
To estimate the total imbalance of polarities for high latitudes, the difference of the number of positive and negative pixels was considered for the polar regions of both hemispheres (Fig. 6a) :
Over the period of four solar cycles, a strict regular pattern is observed in the change of the imbalance. From one SA maximum to another, the difference has a form of two same-sign peaks separated with the period of the SA minimum. The sign of the difference persists for 11 years and changes during the period close to the inversion of the polar field (the change in the sign of the polar field in the southern hemisphere is shown in Fig. 6a at the top). The total period of the change of the asymmetry sign is 22 years. It can be seen that the sign of the difference matches the sign of the polar field in the southern hemisphere. Figure 6b shows the quadrupole moment g 20 of the photospheric magnetic field (WSO data). A close agreement can be seen between the sign of the imbalance and the sign of the quadrupole moment.
For the near-equatorial fields of the sunspot zone, the positive and negative fields occupy approximately identical areas. However, when the imbalance of positive and negative fields is determined in the latitude interval from −40° to +40° (Fig. 7, bold curve) , a certain cyclicity of the variations is revealed, which is similar to the features of the imbalance of strong magnetic fields (Vernova et al., 2018) . Figure 7 (thin curve) shows the quadrupole moment taken with a reversed sign (-g 20 ) . For some years, these curves are similar.
The main feature of the imbalance of strong fields in the sunspot zone is the change in the sign of the imbalance in the years close to the inversion of the polar field in the northern hemisphere. The sign of the strong field imbalance changes with a 22-year period, just as the sign of the quadrupole moment (-g 20 ), and coincides with the sign of the polar field in the northern hemisphere.
These features can be seen in Fig. 7 in the imbalance of positive and negative fields that was determined regardless of the field magnitude. The similarity between the changes in the imbalance and quadrupole moment is observed from 1978 to 2003, although the imbalance curve is slightly shifted relative to the quadrupole moment. The disagreement of these curves is seen at the declining phase of cycle 23, when the imbalance remains positive (2003) (2004) (2005) (2006) (2007) (2008) , while the quadrupole moment (-g 20 ) becomes negative. From 2009 to 2016, the imbalance and quadrupole moment change almost synchronously. Thus, although not for the whole interval of time, there is a connection of Quadrupole moment, μT the imbalance sign of the magnetic fields in sunspot zones both with the quadrupole moment (-g 20 ) , and with the sign of the polar field in the northern hemisphere. The time interval in which the sign of the imbalance and the sign of the quadrupole moment coincide equals ~75% of the period under study.
CONCLUSIONS
(1) We have considered the distribution of positive and negative magnetic fields over the surface of the Sun during four solar cycles, taking into account only the sign of the field regardless of its magnitude. Such an approach significantly reduces the contribution of strong fields associated with the active solar regions and underlines the role of medium and weak fields.
(2) It has been shown that the features of the distribution of the different polarity fields are determined mainly by the high-latitude fields. The polarity imbalance in a separate hemisphere is closely related to the variations in the dipole moment g 10 . The influence of the dipole component of the field is manifested in the imbalance of the fields with a different sign for the whole hemisphere and not only for high latitudes as in the case when the magnetic field strength is taken into account.
(3) For high latitudes, the total imbalance of positive and negative fields in both hemispheres for latitudinal intervals from +40° to +90° and from −40° to −90° was considered. The sign of the imbalance changes with a 22-year period and matches the sign of the polar field in the southern hemisphere and the sign of the quadrupole moment g 20 .
The connection between the polarity imbalance at high latitudes and the quadrupole component of the magnetic field shows that the asymmetry of the polarity distribution is determined by the dominance of the area occupied with the fields of one polarity regardless of the field strength. The results point to cyclic variations in the polarity imbalance.
(4) For near-equatorial fields of the sunspot zone, a connection between the sign of the imbalance of the sunspot zones' magnetic fields and the quadrupole moment (-g 20 ), as well as the sign of the polar field in the northern hemisphere, is observed for most of the time (~75%).
(5) The analysis of the latitude-time diagram allowed us to distinguish the structures in the form of tilted bands dominated by one of the polarities. The tilt of these bands is apparently related to the magnetic field transfer from the equator to the poles. In this case, the transfer velocity is approximately 13 m/s, which is close to the meridional circulation velocity in the studies of other authors.
